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Abstract 

We investigate the rolling of the tachyon on the unstable D9 brane in Type IIA string 
theory by studying the BSFT action. The action is known for linear profiles of the 
tachyon, which is the expected asymptotic behavior of the tachyon as it approaches the 
closed string vacuum, as recently described by Sen. We find that the action does indeed 
seem consistent with the general Sen description, in that it implies a constant energy 
density with diminishing pressure. However, the details are somewhat different from an 
effective field theory of Born-Infeld type. For instance, the BSFT action implies there are 
poles for certain rolling velocities, while a Born-Infeld action would have a cut. We also 
find that solutions with pressure diminishing from either the positive or negative side are 
possible. 
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There has been much recent interest in time dependent solutions of string theory. 
Among other things, these solutions could have interesting cosmological implications. Not 
surprisingly, time dependent solutions in the closed string sector are much more difficult 
to handle, because of the presence of gravity. However, one expects that time dependent 
solutions involving the open string sector can be more easily controlled, since at tree level, 
gravity is turned off. 

The first such open string solutions were the spatial branes in [||. Here, the tachyon 
has a time dependent profile with the tachyon rolling up and down the potential. It was 
assumed that the tachyon is damped as it rolls down the hill, with the energy radiating 
into closed string modes, so that the tachyon stops at the bottom of the potential. 

This then raises a puzzle about what happens at tree-level, where radiation into closed 
string modes does not occur. Energy should be conserved, but there are no open string 
modes where the energy can be radiated into. On the other, hand, if the energy is not 
being lost, it would seem that the tachyon configuration would be oscillating back and 
forth through the closed string vacuum. But there is a strong feeling that there is only 
one direction in field space out of the closed string vacuum, so it seems impossible to set 
up such a ringing configuration. 

These puzzles were recently answered by Sen [FJ, |3|, |J, who argued that while the 
tachyon rolls down the potential, conserving energy, it never reaches the closed string 
vacuum. Hence, there is no need for the tachyon to roll up on the other side of the closed 
string vacuum. 

Sen described an effective field theory that exhibits this behavior. Consider the Born- 
Infeld type action || ||, [7[] 

S = -J d D x^l - a'd /J ,Td u TV(T), (1) 

where V(T) is the tachyon potential that approaches as T — > oo. If we consider spatially 
homogenous solutions to the equation of motion, we find the conserved energy density is 
given by 

e = -J2L. ( 2 ) 

Hence, energy conservation requires that T — > 1 as T — > oo, hence the field configuration 
approaches a constant "velocity" . On the other hand, the pressure is given by 

V = —V(T)\Jl — T 2 , (3) 
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and so goes to zero as T — ► oo. Thus, as the brane decays, we are left with a pres- 
sure tachyon matter whose energy density depends on initial conditions. Cosmological 
considerations for this and other tachyon actions have been considered in [f9|. 



Suppose that we consider specific tachyon profiles in the action in (TT]), which do not 
necessarily correspond to solutions to the equations of motion. For instance, suppose that 
we consider a tachyon profile with 

T = ut. (4) 
Assuming that the potential is well enough behaved, the action becomes 
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S(u) = - — —V I dTV(T) = - — — —V K (5) 

u J u 

where Vo is a volume factor and K is independent of u. Hence, if the effective field theory 
is of Born-Infeld type, we expect to find a branch cut in S(u) at u 2 — 1. 

In boundary string field theory (BSFT), the effective actions for tachyon fields were 
computed for simple profiles (2^, |2T|. In the bosonic theory, the profiles had the form 

m mm 

T = a + UiX 2 , (6) 

where the Xi are spatial coordinates. In particular, it was shown that the condensation 
of a D25 brane to a D(25-p) corresponds to U{ = 0, i = 1, ..,25 — p and it, —>■ oo for 
i = 26— p, ..25. Unfortunately for our purposes here, the tachyon field has to be quadratic, 
or independent of the Xi since the tachyon potential is unbounded below as T — > — oo. 
Hence, the integral in (|^) would not be convergent. 

Instead, let us consider the BSFT for the type IIA D9 brane. This was considered in 



23|1 , where the field theory action was conjectured to be 

S = Z, (7) 

where Z is the partition function for a boundary perturbation of a free conformal field 
theory. This conjecture was later verified in [^4], ^| using a BV formulation. Let the 
tachyon profile have the form 

T = ux (8) 



where x is one spatial direction. Let us define y = a'u 2 /2. In ||23|| , it was shown that 
assuming (|7|), the Euclidean action for such a profile is given by 

S(y) = Z(y) = T 9 V Vrt V (9) 
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where 7g is the tension of the unstable brane and Vq is the 9 dimensional volume factor. 
This action should be thought of as an action with the fields restricted as follows: 



S(y) = %J d 10 x C(T,T',T",... 

= %M fd 9 xdTC(T,J'^,0,...) 
V 2y J v or 



T'=u,T"=0.. 

2y 



(10) 



The authors in [23] then argued that the stable D8 brane is the profile with y — > oo and 
they obtained the correct ratio of tensions between the unstable D9 brane and the stable 
D8 brane. 

Of course, what we really want is the Lagrangian and not just the action. It is known 



that for T = 0, the Lagrangian is [23, 26 



(11) 



We will now make the further assumption that the Lagrangian, up to first derivatives, is 
given by 

- T 9 J dtd 9 x f{a'd ll Td^T/2)e-^ T2 . (12) 
Comparing this expression with (P), we see that 



f(y) = v 1 ' 2 



y ?{yf 



2tt T(2y) 



Note that for large y, 



a'd^Td^T, 



(13) 



(14) 



which does have Born-Infeld like behavior |2~7 



Let us now Wick rotate the spatial direction into a time direction. Under the Wick 
rotation, x —> i t and u — > —i u, so that the profile is 



T = ut. 



(15) 



But we also see that y — > —y and the action rotates to S — > —iS, with the Minkowskian 
action given by 

(16) 



b = 1 9 V V a' 4 y — -. 

V2T(-2y) 



Hence, the action has poles for y any nonnegative integer. 
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The pole at y = is already in the Euclidean action and corresponds to the infinite 
volume factor between the D9 brane and the D8 brane. Let us then consider the other 
poles. If we write y = n — e, then the action is approximately 

S(y) , Mi -^^±R\. (17) 
Hence, we may infer that for profiles near these poles, the action is approximately 

V n(T) 



S ~ 7q / did x- 

2n- a'd^Td^T 



where V n (T) is 



V n (T) = 4— W v^^n + l) e~ T2 l\ (19) 



For a'T 2 close to 2n, the action will be dominated by the term in For such a 
term, the energy density for a rolling tachyon is given by 

3a ' f2 - 2n V n (n (20) 

(2n-a' T 2 ) 2 K J K J 



and the pressure is 



P* T » , 9 \r 2 yn(T). (21) 
{2n — a' 1 z ) 



Let us now consider the consequences of (p0[) and pl|). First we see that the BSFT 
action is consistent with the general Sen picture that the rolling tachyon asympotically 
reaches a constant velocity with conserved energy. Since V n (T) falls off rapidly to zero as 
T — > oo, a' T 2 must rapidly approach 2n, for some positive integer n. Second, in order 
for the energy density to remain constant, the pressure must go to zero as T — > oo. 

However, there are some interesting differences as compared to the Born-Infeld action. 
First, there is no longer a maximum rolling velocity, it is now possible to have a' T 2 > 2. 
However, it takes an infinite amount of energy to cross from a' T 2 < 2n to a' T 2 > 2n. 
So if the initial conditions have 2n < a' T 2 < 2(n + 1), the tachyon rolling velocity will 
stay within that window. 

The second difference between this behavior and the Born-Infeld model is that while 
the pressure approaches in both cases, in the Born-Infeld case, it is always negative. 
However, the pressure in (|21|) can be either negative or positive. So for example, if the 
initial conditions start with T = 0, the pressure starts out negative, equalling the negative 
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of the energy density, but then crosses through zero pressure, before relaxing back down 
to zero. 

However, it is also possible to approach zero pressure from the negative direction. For 
instance, if a' T 2 is slightly greater than 2n, then the rolling velocity will relax down to 
a' T 2 = In. Since a' T 2 > 2n, the pressure is negative. However, if a' T 2 is too big, the 
velocity will increase toward a' T 2 = 2(n + 1), and the pressure will be positive. 

Note that positive pressures should be possible. Indeed, in Sen's analysis the static 
vacuum can be perturbed by the marginal operator 

Asinh(2t/v / a 7 ), (22) 

in which case, the pressure is proportional to 

V ~ 1 (23) 

1 + e 2 */v / ^ 7 sinh 2 (A7r) 1 + e ~ 2t /^ sinh 2 (A7r) 

This perturbation corresponds to having an initial rolling velocity at the height of the 
potential at t — 0. If sinh(A7r) > 1, then the pressure is positive. 

Of course, there are many assumptions that go into this analysis. The first is that the 
string field action does have the form in (0). The second assumption is that the poles 
that appear in the action in ( |10D are actually due to poles in the integrand, that is the 
Lagrangian, as opposed to poles that arise after integrating over T. For example, the 
action would have a pole if the Lagrangian had a term of the form 

exp(-T 2 (2n - a' f 2 ) 2 /lQn 2 ). (24) 

For such a term, the constant energy solutions would still have T relaxing to a constant. 
However, the asymptotic pressure would not be zero. 

Finally, terms with higher derivatives of T do not contribute to the action if T has a 
linear profile. The appearance of such terms in the full lagrangian could effect the physics. 



Note added: After this paper was completed we received [28], which has significant 
overlap with this work. 
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